A new NoC (network on chip) architecture using lossless data compression and decompression to improve the performance and power efficiency of the on-chip interconnect is proposed. In the proposed NoC scheme, the sender compresses the data to be transferred in order to reduce the number of data packets and the receiver decompresses the encoded data to restore the original data. For the lossless compression and decompression, we have implemented a hardware CODEC based on a Golomb-Rice algorithm. According to the experimental results using a cycle-accurate NoC simulator, the proposed scheme could significantly improve the performance and power efficiency of the conventional NoC architecture.
Introduction
The increasing complexity of SoC (system on chip) products and the decreasing feature sizes in the DSM (deep sub-micron) technologies have made the on-chip global data communication a critical bottleneck for the high performance design [1] . Recently, in order to guarantee the performance and reliability of the on-chip interconnect, a new design methodology called as an NoC (network on chip), has been introduced [2] . Contrary to the macronetworks, the NoC design inherently encounters high resource limitation since all of the NoC hardware should be implemented on a chip. Therefore, lots of researches have been performed to improve the NoC performance under high resource limitation, such as a pipelined channeling [3] , a virtual channel router [4] and a deadlock-free routing [5] .
In this paper, a new NoC architectural approach using lossless data compression and decompression to improve the NoC performance is proposed. The original data to be transferred are encoded into a reduced number of data packets at the sender. After the data packets arrive at the receiver, the original data are restored by decompressing the encoded data. We have developed hardware encoder and decoder architectures based on the Golomb-Rice algorithm [6] for the lossless compression and decompression. Without loss of generality, the proposed NoC scheme can be applied to most of the existing NoC architectures with a slight modification regardless of the topologies and the routing algorithms to improve the performance of the NoC system. For the performance evaluation, a cycle-accurate NoC simulator has been developed with a C language. In addition, NoC router with the proposed Golomb-Rice encoder and decoder were design with Verilog HDL and synthesized with Design Vision from Synopsys. According to experimental results for mesh and torus NoC's, the proposed NoC scheme could improve the performance and power consumption efficiency. Fig. 1 (a) illustrates the proposed NoC scheme based on a simple 4x4 mesh architecture. Note that the proposed NoC scheme can be applied to not only meshes but also various NoC's. In the proposed NoC scheme, when a data transaction is issued at a sender, the data to be sent are compressed by an on-chip hardware encoder and packetized by the NI (network interface). Then, the data packets will traverse the on-chip network and finally will be delivered to the receiver. At the receiver, the packets are de-packetized by the NI and decompressed to restore the original data by the hardware decoder. Since the original data has been compressed by the encoder, the number of the data packets produced by the NI will be decreased, which will contribute to the improvement of the network throughput. For the lossless data compression, we have adopted the Golomb-Rice algorithm for its low complexity. According to the Golomb-Rice algorithm, for an input data, n, and the dividend of 2 k , the quotient value is unary encoded and the residual value is binary encoded. Since, in the Golom-Rice algorithm, the dividend value is always the power of 2, the quotient and the residual values can be easily calculated so that the hardware complexity of the Golomb-Rice encoder and decoder is very low compared to the other lossless compression algorithms. Fig. 1 (b) and (c) depict the hardware architectures for the proposed Golomb-Rice CODEC. We assumed an L bit original data and a 2 k dividend. In the Golomb-Rice algorithm, the quotient value is unary encoded into a variable length data and the residual value is binary encoded into a fixed length data so that, in the worst case, the length of the encoded data may be larger than the original data. Thus, the size prediction logic pre-calculates the length of the encoded data and if the predicted length is larger than the original data length, then the original data is used without any compression. The 'C' bit signifies whether the encoded data are compressed or not. In addition, since the length of the quotient encode will be variable, in order to identify the end of the data, the 'T ' bit (the terminating zero) is attached to the quotient encode.
Proposed NoC scheme
In the Golomb-Rice decoding stage, the 'C' bit is first checked to identify whether the input data are compressed or not. If the 'C' bit is '1' or the input data is compressed one, the earlier k bits are binary decoded and the remaining data before the 'T ' bit are unary decoded. Then the two decoded data are concatenated into the original data. If the 'C' bit is '0', the k bit data after the 'C' bit and the 'L − k' bit data before the 'T ' bit are directly concatenated into the original data. Since the compression ratio is much larger than '1', it is highly probable that multiple 'T ' bits exists in the current input data. In addition, the current encode data may be placed to the successive two input data (the current data and the next data). Therefore, the hardware encoder and decoder include small registers and control flow logic besides the combinational blocks in the Fig. 2 .
Experimental results
In order to evaluate the proposed NoC scheme, we have implemented a cycleaccurate NoC simulator with a C-language. The developed simulator involves the Golomb-Rice encoder/decoder, NI's, routers and interconnect channels. Several performance enhancement techniques such as the pipelined channeling, the virtual channels and the adaptive routing algorithm [5] are involved for the target NoC platform. For the simulation scenario, internal IP cores generate random data according to the data generation ratio. The size of the data is selected randomly from 4 bytes to 1024 bytes. The generated random data are compressed by the Golomb-Rice encoder and packetized by the NI. The data packet will travel through the on-chip network and arrive at the destination node or the receiver. Then the data packets are de-packetized by the NI and are decompressed to restore the original data by the GolombRice decoder. For the evaluation of the network throughput, the cycle times between the moment of data generation at the sender and the moment of the data restoration at the receiver are calculated. This process is repeated until 5,000,000 random data are generated and diminished. Simulation is performed for 3 physical channel bandwidths cases such as 8, 16, and 32 bits in order to evaluate the performance impact of the proposed scheme on diverse channel bandwidth.
The proposed NoC router including NI has been designed with Verilog HDL and synthesized with Design Vision from Synopsys under 0.15 um CMOS technology. The NoC configurations for the simulation are used for the router design. In case of a conventional NoC without any compression method, the hardware area (gate count), the dynamic power consumption, and the critical path delay were estimated such as 10,114, 689.61 uW, and 3.56 ns, respectively. In case of the proposed scheme with encoder and decoder, the hardware area, the dynamic power consumption, and the critical path delay were estimated such as 11,602, 703.21 uW, and 3.59 ns, respectively. These data for the power consumption and the critical path delay were used by the simulator in order to calculate the performance and power efficiency of the NoC system. Table I and Fig. 2 show the comparison between the proposed NoC system and two conventional NoC systems (mesh and torus topologies) without any encoder/decoder in terms of the throughput and the power efficiency, respectively. DR (data generation ratio) stands for the number of IP cores generating random data divided by the total number of the IP cores at one cycle. For example, if DR is 0.4, then 25.6 (8 × 8 × 0.4) cores generate random data at every clock cycle. CB means the size of the physical channel bandwidth. TP stands for the throughput of the NoC system, or the number of millions of packets processed per second (Mpps). For the evaluation of the power efficiency, the energy consumption of the proposed scheme and the convectional NoC schemes to process the whole data set are calculated and the energy reduction introduced by the proposed scheme over the conventional mesh and torus NoC architecture are illustrated in Figure 2 .
According to Table I and Figure 2 , the proposed scheme improved both the network throughput and power efficiency in all cases. The average improvements of throughput and power efficiency were estimated by about 15.53% and 9.20%, respectively. In addition, the proposed scheme shows more improvement of throughput and power efficiency over the conventional NoC system without any compression as the size of channel bandwidth decreases, which means that the compression methodology could contribute more to narrow bandwidth case.
Even with the slight increase of area and power consumption of the router 
Fig. 2. Power Efficiency Evaluation
due to the overhead of the decoder and encoder, the proposed scheme could reduce the number of the network data transaction so that the throughput and the power efficiency of the NoC systems can be significantly improved.
Conclusion
A new NoC design scheme using Golomb-Rice based lossless data compression and decompression is proposed to improve the on-chip network performance. The proposed scheme can be used to enhance the performance of any existing NoC architectures regardless of their topologies and routing algorithms. According to the experimental results, the proposed scheme could considerably improve both the network throughput and power efficiency with a little hardware area overhead, compared to convectional NoC's without any decoder/encoder.
